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Abstract. A study of the distribution of Topoisomerase 
II a  (Topo II) in cells of six tissue culture cell lines, hu- 
man (HeLa), mouse (L929), rat, Indian muntjac, rat 
kangaroo (PTK-2), and wallaby revealed the following 
features: (1) There is a cell cycle association of a spe- 
cific population of Topo II with the centromere. (2) 
The centromere is distinguished from the remainder of 
the chromosome by the intensity of its Topo II reactiv- 
ity. (3) The first appearance of a detectable population 
of Topo II at the centromere varies between species but 
is correlated with the onset of centromeric heterochro- 
matin condensation. (4) Detectable centromeric Topo 
II declines at the completion of cell division. (5) The 
distribution pattern of Topo II within the centromere is 
species- and stage-specific and is conserved only within 
the kinetochore domain. In addition, we report that the 
Topo II inhibitor ICRF-193 can prevent the normal ac- 
cumulation of Topo II at the centromere. This results in 
the disruption of chromatin condensation sub-adjacent 
to the kinetochore as well as the perturbation of kineto- 
chore structure. Taken together, our studies indicate 
that the distribution of Topo II at the centromere is un- 
like that reported for the remainder of the chromosome 
and is essential for proper formation of centromere/ki- 
netochore structure. 
T 
HE centromere is a unique chromosomal region that 
differs from the remainder of the chromosome in its 
DNA  sequence composition, protein composition, 
and function (Pluta et al., 1995).  Furthermore, within the 
centromere are several discrete domains each with distinct 
structural, compositional, and functional features (Rattner 
et al., 1988; Earnshaw and Rattner, 1989). These domains 
include the outer surface of the centromere containing the 
kinetochore, the point of association of the chromosome 
with the spindle, and the site of the mechanochemical mo- 
tors for chromosome movement (Mitchison and  Kirsch- 
ner, 1985); the inner surface of the centromere, believed 
to  mediate  sister  chromatid  interaction  (Earnshaw  and 
Cooke, 1991; Bickel and Orr-Weaver, 1996)  and the cen- 
tral  region,  thought  to  function  in  maintenance  of cen- 
tromere integrity (Rattner, 1991; Earnshaw and Rattner, 
1989). 
Whereas the centromere contains many unique proteins 
(Pluta et al., 1995), it also contains proteins that are found 
throughout the chromosome. One member of this latter 
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class of proteins is the enzyme Topoisomerase II a  (Topo 
II) l which has the ability to catalyse strand passing of dou- 
ble-stranded DNA in an ATP-dependent fashion (for re- 
view see Wang, 1985). During cell division this enzyme has 
been found to be essential for chromosome condensation 
and  sister chromatid  segregation  (DiNardo  et  al.,  1984; 
Newport and Spann, 1987; Uemura et al., 1987; Holm et al., 
1989;  Wood  and  Earnshaw,  1990;  Adachi  et  al.,  1991; 
Downes et al., 1991; Shamu and Murray, 1992; Funabiki 
et al.,  1993). Studies of the distribution of Topo II within 
the  metaphase  chromosome  of  higher  vertebrates  and 
birds, using isolated chromosomes subjected to hypotonic 
treatment, have indicated that Topo II has an axial distri- 
bution  along  the  chromosome  arms  (see  for  example 
Earnshaw  and  Heck,  1985;  Saitoh  et  al.,  1995;  Sumner, 
1996). Whereas in studies of histone H1 depleted chromo- 
somes and chromosomes from insects and amphibians,  a 
more general distribution has been noted (Boy de la Tour 
and Laemmli, 1988; Swedlow et al., 1993; Buchenau et al., 
1993). The degree to which Topo II plays a structural role 
within the centromere is still unclear (Saitoh et al., 1995). 
1.  Abbreviations  used  in  this paper:  IIF,  indirect  immunofluorescence; 
Topo II, topoisomerase II a. 
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of the chromosome, the distribution of Topo II within the 
centromere has only recently begun to receive special at- 
tention. Interestingly, the relative abundance of Topo II in 
the centromere when compared to the remainder of the 
chromosome has been noted at metaphase, and it has been 
suggested that this distribution pattern is conserved in the 
mammals  (Taagepera  et  al.,  1993;  Sumner,  1996).  One 
troubling aspect of these studies is that they have been car- 
ried out on chromosome preparations that have been hy- 
potonically treated and it is unclear to what degree this 
preparative protocol affects Topo II distribution. Further- 
more,  considerable  variations  in  chromosomal  staining 
patterns have been noted within an individual preparation 
(Sumner,  1996).  To  address  these  preparation  concerns 
and to obtain additional information concerning the rela- 
tionship  between  Topo  II  and  the  centromere  region 
within the mammals, we carried out an indirect immuno- 
fluorescence (IIF) study of untreated cycling cells using six 
cell lines derived from diverse mammalian species repre- 
senting both eutherians and metatherians. These studies 
were complemented by functional studies using the Topo 
II inhibitor ICRF-193. The results of these studies indicate 
that Topo II has a distinct temporal and spatial distribu- 
tion within the centromere that is species-dependent. We 
show that, in the Indian muntjac, centromeric Topo II is 
required for proper centromere/kinetochore structure. 
Materials and Methods 
Cell Culture and Indirect Immunofluorescence 
Monolayer cultures of HeLa, mouse L929, rat, Indian muntjac, PTK2, or 
wallaby cells (Amer. Type Tissue Collection,  Rockville,  MD) were grown 
on coverslips and  fixed  for 10  min in  100%  methanol. Fixation in 3% 
paraformaldehyde in Dulbecco's phosphate buffered saline (D-PBS) or 
acetone were also used in separate studies.  No additional pattern to that 
seen with 100% methanol was detected. Fixed preparations were air dried 
and stored at  -20°C until use. Isolated chromosome preparations were 
prepared as described in Kingwell and Rattner (1987). Coverslips were re- 
hydrated in D-PBS and then incubated for 1 h at 37°C in a 1:100 dilution 
of a rabbit antibody directed against the COOH-terminal region of Topo 
If (TopoGen Inc, Columbus, OH). After three washes in D-PBS, the sam- 
ples were incubated for 1 h at 37°C in secondary antibody: a Cy 3-conju- 
gated anti-rabbit IgG (H+L) (Dakopatts, Glostrup, Denmark). In some 
experiments the samples were double labeled with a human ACA serum 
previously described (Kingwell  and Rattner, 1987) or a human serum re- 
active  with the centrosome (Johnstone et al., 1992). In these experiments 
a FITC-conjugated anti-human IgG (H+L) (Dakopatts) was used. After 
incubation, the specimens were washed in D-PBS, counterstained with ei- 
ther DAPI (4',6-diamindino-2-phenyl-indole) or 33258 HOECHST, and 
mounted in 90% glycerol containing paraphenylenediamine and observed 
using a  Nikon Optophot fluorescent microscope. Images were recorded 
on Ilford HP-5 film. 
Immunoblotting 
Immunoblotting was performed on nitrocellulose strips containing pro- 
teins separated by 12%  SDS polyacrylamide gel electrophoresis (Immu- 
noblotting, Towbin et al.,  1987; SDS-PAGE, Laemmli,  1970). The pro- 
teins used in these blots were from mitotic cells  harvested by selective 
mitotic detachment and from centromeres isolated from digested chromo- 
somes. To obtain isolated mouse centromeres, mitotic cells  obtained by 
selective  detachment were resuspended in culture media without FCS and 
lysed by the addition of an equal volume of media containing 5% NP-40. 
30 U of EcoRI were added to 300 ~l of the chromosome suspension and 
incubated at 37°C for 10 min. Digestion was monitored by light  micros- 
copy. At the completion of digestion, the centromere suspension was con- 
centrated by centrifugation for 10 min at 3,000 g. The supernatant was de- 
canted and the pellet resuspended in SDS sample buffer. For correlated 
IIF, the centromere suspension was deposited on a coverslip following the 
procedure described in Kingwell and Ranner (1987). Antibody binding to 
nitrocellulose strips was detected using ECL (Amersham Corp., Arlington 
Heights, IL). 
Fluorescent Microscopy and Digital Optical Sectioning 
Fluorescently stained cells were examined with a Zeiss Universal micro- 
scope using a 100 x  1.32 N.A. Leitz  lens. A  1.25 x  optivar was generally 
used, although in some cases,  a 1.6  x  or 2.0  x  optivar was used. Images 
were collected  using a Kodak Megaplus 1.6 digital  camera. Camera noise 
was reduced by mapping "hot" pixels within the 512  x  512 matrix and 
then applying a 3 x  3 median filter for each of the hot pixels. Other noise 
reduction filters  designed for application for whole images were not used 
with the exception of the DAPI image of Indian muntjac prophase cells 
where a 3 X 3 median filter was applied. 
Digital  optical  sectioning  (digital  "confocal"  microscopy)  was  per- 
formed by collecting  separate images at 0.5-t~m intervals.  The z-axis was 
controlled by an electronic stepper motor calibrated to have a resolution 
of at least 0.2 ~m. Optical slices were then obtained using Vaytek Micro- 
tome version 3.1. This software uses the slices immediately above and be- 
low the section of interest to calculate  haze content produced by a point 
source.  Digital  optical  sections  were  imported  into  Adobe  Photoshop 
2.51. Images were converted to indexed color and false colored red, green, 
and  blue. The resulting images were then combined and  aligned  using 
Adobe Photoshop 2.51. 
ICRF-193 Studies 
Indian muntjac cells  were plated onto coverslips 48 h before use; ICRF- 
193 was added to cultures at a final  concentration of 5-100 IxM for 1 h. 
The effect  of concentrations of 5, 10, 50, and 100 p.M were studied. Cells 
were fixed  for IIF as described above or processed for electron micros- 
copy by standard  protocols. In some IIF studies, treated  cultures were 
fixed  in  methanol and  reacted  with human ACA serum (Kingwell  and 
Rattner, 1987) or a polyclonal rabbit serum to CENP-F (Liao et al., 1995). 
Results 
The association of Topo II with the centromere was stud- 
ied using a commercially prepared antibody raised against 
the COOH-terminal portion of this protein. Western blot 
analysis of total mitotic cell protein from mouse (Fig.  1, 
lane 1), human, Indian muntjac and rat kangaroo mitotic 
cells (data  not  shown),  and  isolated mouse centromeres 
(Fig. 1, lane 2) prepared by selective digestion (Fig.  1, a 
and b) revealed that this antibody recognized a single 170-kD 
band corresponding to Topo II. The detection of a single 
reactive antigen in Western blots of isolated centromere 
proteins indicates that the following description is due to 
Topo II and not a centromere-specific antigen. 
The Topo II antibody was used in indirect immunofluo- 
rescent microscopic studies in order to examine the distri- 
bution of Topo II with respect to the centromere in six cell 
types: human (HeLa), mouse (L929), rat, Indian muntjac, 
rat kangaroo, and wallaby. This large number of species 
was studied in order to establish what aspects of the rela- 
tionship between Topo II and the centromere were con- 
served. Our studies are distinguished  from a  majority of 
previous investigations in that the chromosomes were not 
isolated from the cell and subjected to hypotonic condi- 
tions, conditions that could potentially induce a prepara- 
tion-dependent reorganization of Topo II. A variety of fix- 
ation protocols were used including 100% methanol, 3% 
paraformaldehyde, and acetone. We found that all three 
fixatives revealed the same centromeric pattern. For sim- 
plicity, only images of methanol-fixed materials are shown 
in the following report. 
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mouse centromeric protein (lane 2) reacted with the anti-Topo II 
antibody.  A single band corresponding to Topo II is seen in both 
protein preparations. Isolated centromeres (arrows) stained  for 
DNA with DAPI (a) and Topo II (b). 
The application of anti-Topo II antibodies to HeLa cells 
from rapidly dividing cultures revealed a general punctate 
nuclear staining pattern in  a  majority of interphase cells. 
Only a  single region of increased reactivity was detected 
and this correlated with the nucleolus (Fig. 2, a and b). 
A  small population of nonreactive interphase cells was 
also observed and  this population  likely represents non- 
cycling cells as previously reported (Heck et al., 1988).  At 
prophase,  Topo  II was  detected  in  association  with  the 
chromosomes and prominent sites of increased reactivity 
were detected (Fig. 2, c and d). Examination of images of 
metaphase cells or individual chromosomes indicated that 
these  areas  of high  reactivity corresponded  to  the  cen- 
tromere (Fig. 2, e and J0- Close examination of the staining 
pattern  within  the  centromere  revealed  that  the  cen- 
tromere was uniformly labeled by the antibody. Thus, the 
centromere appeared as a broad region of staining. This is 
in contrast to the axial pattern of staining seen along the 
chromosome arms (Fig. 2  e). Fig. 2  e  also illustrates that 
despite the  high Topo II signal at the centromere, sister 
centromeres  are  separated  by a  region  of relatively low 
Topo II intensity.  Comparison of the level of centromere 
reactivity  at  prophase-metaphase  with  cells  in  the  later 
stages of cell division revealed that the intense centromere 
staining pattern declined during the completion of mitosis 
so that,  in  cells completing karyokinesis, the  centromere 
region  was  indistinguishable  from  the  remainder  of the 
chromosome (Fig. 2, g and h). We have observed a similar 
pattern of reactivity in several additional human cell lines 
(data not shown). 
To determine if the pattern of reactivity seen in HeLa 
cells  was  conserved  in  other  mammalian  species,  anti- 
Topo  II  antibodies  were  applied  to  mouse  L929  cells. 
Within the interphase cell population, a majority of the in- 
terphase nuclei displayed a punctate staining pattern with 
a greater intensity at the nucleolus similar to that seen in 
the HeLa cell population. When the Topo II pattern was 
overlapped with the DNA pattern in these cells (detected 
with  33258  HOECHST),  no  preferential  association  of 
Topo II with the centromeric heterochromatin was noted 
(Fig.  3,  a-c).  In a  small population of interphase  nuclei, 
however, numerous foci of Topo II reactivity were appar- 
ent.  Comparison of the  Topo II and  HOECHST images 
from this cell population revealed that Topo II reactivity 
was preferentially associated with the margins of each cen- 
tromeric  heterochromatin  patch  (Fig.  3,  d-f).  In  cells 
showing centromeric heterochromatin  with a  greater de- 
gree of condensation, Topo II was homogeneously distrib- 
uted throughout the centromeric DNA (Fig. 3, g-i). When 
a population of 100 ceils containing Topo II reactive cen- 
tromeric heterochromatin was analyzed, 100% were found 
to contain duplicated centrosomes and 89% displayed cen- 
trosomes that had begun centrosome separation in prepa- 
ration for cell division (Fig. 3, j-m).  Since the centrosome 
cycle is closely associated with the cell cycle in this cell line 
(Rattner and Phillips, 1973), this population can be corre- 
lated with the G2 period of the cell cycle. Thus, Topo II as- 
sociation with the  centromere in  L929  cells is correlated 
with  the  progressive condensation  of this  portion  of the 
chromosome which occurs as a prelude to cell division. 
In prophase mouse cells, foci of Topo II reactivity could 
be detected within the condensing chromosomes (Fig. 2, i 
and j).  At  metaphase  it  was clear  that  these  loci  corre- 
sponded to the centromere region. As was seen in the HeLa 
chromosomes, reactivity appeared  to  extend  throughout 
the centromere while the arms displayed an axial distribu- 
tion (Fig. 2, k and l). Within the mouse L929 karyotype is a 
marker  chromosome  with  multiple  centromere  regions 
containing both the major and minor satellite (Wong and 
Rattner,  1992).  Only the central centromere is known to 
have a  functional kinetochore.  Analysis of isolated chro- 
mosomes revealed the  presence of this chromosome and 
elevated Topo II reactivity appeared at each of the  cen- 
tromere regions (Fig. 2, rn and n). Thus, Topo II reactivity 
is  not  correlated with  functional  centromeres but  rather 
appears to follow the  distribution  of centromeric hetero- 
chromatin. As in human cells, as the nucleus began to re- 
form,  the  centromere  could  no  longer  be  distinguished 
from the remainder of the chromosome based on Topo II 
reactivity (Fig. 2, o andp). The pattern of reactivity seen in 
both human and mouse cells was also observed in a rat cell 
line (data not shown). 
To determine if the pattern of centromere reactivity var- 
ied  in  other mammalian species, anti-Topo II antibodies 
were  applied  to  cycling  Indian  muntjac  cells  (data  not 
shown).  As  with  the  human  and  mouse  cells,  the  inter- 
phase nuclei displayed a general punctate pattern of reac- 
tivity and an increase in the intensity at the nucleolus (data 
not  shown).  Indian  muntjac  cells  progressing  into  pro- 
phase  showed  highest  Topo  II  reactivity  at  the  cen- 
tromere.  However,  unlike  the  general  pattern  seen  in 
mouse  and  human  prophase  cells,  the  intense  reactivity 
was confined to a well defined area within the centromere 
so  that  each  centromere  appeared  to  contain  Topo  II 
staining on its outer surface separated by a region of rela- 
tively low Topo II staining. 
Rattner et al. Topoisomerase Hct at the Centromere  1099 Figure 2.  Centromeric Topo II in HeLa and mouse L929 cells. Topo II (a, c, e, g, i, k, m, and o) and DAPI (b, d,f, h,]', l, n, andp) images 
of HeLa (a-h) and mouse cells (i-p) throughout cell division.  Interphase (a and b) arrows denote nucleoli; prophase (c, d, i, and j) ar- 
rows denote centromeres; metaphase (e, f, k, and 1) small arrows denote centromeres, bold arrows denote axial staining in the chromo- 
some arms; Anaphase (g and h); late telophase (o and p). Bar, 6 ~m. The marker chromosome of the L929 karyotype is shown in Fig. 2, m 
and n. Note regions of high Topo II staining correlates  with each of the centromere regions (arrows denote centromere regions). Bar, 12 ~m. 
The localization of the highest concentration of Topo II 
at the outer margin of the centromere, the region contain- 
ing the kinetochore, was confirmed by superimposing con- 
focal images of prophase cells reacted  with both Topo II 
and ACA antibodies  (Fig. 4, a-d).  ACA antibodies  have 
been shown  to react selectively with  the kinetochore  do- 
main  of the  centromere  in  this  species  (Brinkley  et  al., 
1984;  Rattner,  1986).  The  region  stained  by Topo  II  is 
slightly larger than that highlighted by ACA (Fig. 4, a-d). 
Thus,  the  major  concentration  of Topo  II in  the  Indian 
muntjac  centromere  is  confined  to  a  specific  domain 
within  the centromere.  The remainder  of the centromere 
The Journal of Cell Biology, Volume 134, 1996  1100 Figure 3.  Relative localization of Topo II and HOECHST-rich heterochromatin within interphase L929 cells. Individual 0.5-1xm digital 
optical slices were collected as described in Materials and Methods. The Topo II images were false colored red and the HOECHST im- 
ages were false colored blue. The HOECHST image was then digitally overlaid on the Topo II image and aligned according to morpho- 
logical features that obviously corresponded to both images (e.g., nucleolus in a, heterochromatin in b and c). (a-c) Pattern characteristic 
of a majority of interphase nuclei (d-f) G2 phase nucleus with early stages of condensation (g-i) G2 nucleus displaying condensed het- 
erochromatin. Topo II is false-colored red, DAPI is false-colored blue, and the overlap region is pink-to-white. The bar size is 10 p.m. 
j-m illustrates G-2 L929 cells double stained with Topo II (j and/) and an antibody reactive with the centrosome, arrows (k and m). Bar, 6 p,m. 
Rattner et al. Topoisomerase H a at the Centrornere  1101 Figure 4.  Colocalization of ACA and topo II antigens during prophase in Indian muntjac cells. Individual 0.5-1~m digital  optical slices 
were collected as described in Materials and Methods. Five consecutive slices were then projected into a single image for each of the 
DAPI, ACA, and Topo II images series. This optimized the number of individual  chromosomes that could be simultaneously imaged. 
(a) ACA, (b) Topo II, (c) DNA (DAPI), and (d) ACA/Topo II composite image. Overlap between Topo II and ACA is yellow. Bar, 10 Ixm. 
displayed  a  lower level of homogeneous staining.  As In- 
dian  muntjac  cells  progress  to  metaphase,  the  intense 
staining at the centromere persisted  (data not shown) but 
declined  as the cells progressed  to the completion of cell 
division (data not shown). 
The localization of a population of Topo II at the region 
adjacent  to the  kinetochore  was also observed in cycling 
cells of the rat kangaroo, PTK2 (Fig. 5). As in the muntjac, 
reactivity  adjacent  to  the  kinetochore  first  appeared  at 
prophase.  Confocal  images  of  prophase  cells  double 
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identified by these antibodies overlapped. As was found in 
the Indian muntjac, the region highlighted by Topo II was 
slightly larger than that demarcated by ACA (Fig. 5, a-c). 
However, in this species, as the cell proceeded to metaphase, 
an additional area of reactivity between sister kinetochore 
regions appeared (Fig. 5, d-f). We were unable to observe 
cells in transition between the two morphologies, suggest- 
ing that the appearance of the central Topo II population 
occurs rapidly. Furthermore, we could find no examples of 
prophase cells with general centromere reactivity prior to 
nuclear envelope breakdown indicating  that the localiza- 
tion of Topo II between the  kinetochore  regions occurs 
following the completion of major chromosome condensa- 
tion. The intensity of Topo II staining declined as the cell 
completed cell division, as seen in the other species (data 
not  shown).  The  pattern  of  reactivity  within  the  cen- 
tromere of PTK2 cells was also observed in a wallaby cell 
line (data not shown). 
To investigate the function of centromeric Topo II, we 
grew Indian muntjac cells in the presence of the Topo II 
inhibitor ICRF-193 for 1 h using various concentration (5, 
10,  50,  75,  100  ~M).  We  chose  Indian  muntjac cells be- 
cause of the localized pattern of centromeric Topo II and 
the large size of the centrosome/kinetochores in this spe- 
cies. The affect of the drug on the accumulation of Topo II 
at the centromere was assayed using anti-Topo II antibod- 
ies and IIF. We found that it was necessary to use high lev- 
els of ICRF-193 (100 IxM) in order to abolish the selective 
concentration of Topo II at the centromere in all prophase 
and metaphase cells within treated cultures (a total of 50 
cells was observed at each stage) (Fig. 6, a-d). Intense cen- 
tromere reactivity was found in all prophase and metaphase 
cells  (a  total  of 50  cells was  observed at  each  stage)  at 
lower concentrations of the drug. At drug concentrations 
of 10-100 IxM, Topo II did not display a pronounced axial 
distribution  in  the  arms  of  treated  chromosomes  but 
rather had a more general distribution (Fig. 6, c-d). ICRF- 
193 did not change the distribution of Topo II in either the 
chromosome arms or centromeres of chromosomes in cells 
that had reached metaphase at the time of drug addition. 
Mitotic cells grown in the  presence of ICRF-193 were 
examined by electron microscopy to study the morphology 
of the chromatin underlying the kinetochore  and that of 
the  kinetochore  itself.  Electron  micrographs of chromo- 
somes  from  untreated  cells  revealed  centromeres  with 
densely packed chromatin and kinetochores displaying a 
prominent tri-lamellar morphology (Fig. 6 e). At low con- 
centrations of ICRF-193, normal centromere and kineto- 
chore structure were observed although  occasionally the 
Figure 5.  Comparative localization of Topo II and ACA in prophase and metaphase PTK2 cells. Individual 0.5-~m digital optical sec- 
tions were collected as described in Materials  and Methods.  Prophase cell staining is shown in the top panels whereas metaphase staining 
is shown in the bottom panels. (a and d) ACA, (c and f) Topo II, composite images are shown in the middle panels (b and e) where over- 
lap, between ACA and Topo II is shown as yellow. Bar, 10 ~m. 
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(Fig. 6 f). However, at 100  IxM ICRF-193, the concentra- 
tion at which centromeric Topo II was no longer detected, 
altered structure  at the centromere was observed. Fig. 6, 
g-i illustrate  a  collection of images from the centromere 
region  of chromosomes from cells  treated  at  the  higher 
concentration.  In comparison to untreated chromosomes, 
these  centromeres contained  chromatin  that  displayed  a 
spongy rather than a compact morphology (Fig. 6, e, g, and 
h). The kinetochores  appeared aberrant with reduced  or 
undetectable outer plates and the middle layer was not ap- 
parent  (Fig.  6, g-i).  In some images the  kinetochore  ap- 
peared fragmented (Fig. 6 i). Microtubules, however, were 
associated  with  the  aberrant  kinetochores  but  inserted 
into  the  kinetochore  region at different levels (Fig.  6  i). 
Examination  by light  microscopy revealed  that  chromo- 
somes in treated cultures were able to form a  metaphase 
plate, and, in rare cases, underwent an aberrant anaphase 
which lacked chromatid separation (data not shown). 
To investigate the effect of high concentrations of ICRF- 
193 on the protein composition of the centromere, we re- 
acted mitotic cells from treated cultures with antibodies to 
cell cycle invariant proteins (CENP-A-C)  and antibodies 
to the transiently associated kinetochore protein CENP-F. 
Fig. 7 illustrates that these proteins can still be detected in 
treated  chromosomes indicating  that  ICRF-193  does not 
appear  to  affect the  general  protein  composition  of the 
centromere. 
Discussion 
This study illustrates that (1) a population of Topo II asso- 
ciates with the centromere in a cell cycle-specific manner. 
(2) The centromere is distinguished from the remainder of 
the  chromosome by its Topo II pattern and  intensity.  (3) 
The first appearance of a detectable population of Topo I1 
at the centromere coincides with the condensation of this 
region. (4) The distribution pattern of Topo II within the 
centromere is species- and stage-specific, although, the lo- 
calization of Topo II adjacent to the kinetochore is con- 
served.  (5)  Centromeric Topo II activity is necessary for 
the proper condensation of the chromatin underlying the 
kinetochore  and for the  proper formation of the  kineto- 
chore. (6) Detectable centromeric Topo II declines as the 
cell  progresses  towards  the  completion  of  cell  division. 
Thus, both the temporal interaction  and spatial distribu- 
tion  of Topo  II at  the  centromere  differs from that  re- 
ported for the remainder of the chromosome (for reviews 
see Gasser et al., 1986; Saitoh et al., 1995). Topo II must be 
considered as an important component in the formation of 
centromere/kinetochore structure during cell division. 
It is informative to note that, in contrast to studies using 
hypotonically treated  chromosomes (Sumner,  1996),  our 
studies on intact cells yield more consistent Topo II pat- 
Figure Z  Indian muntjac cells treated with ICRF-193  (100 lxM) 
and reacted with anticentromere antibodies.  (a) Cell reacted with 
human ACA serum (b) DAPI counter stain (c) anti-CENP-F im- 
age. Bar, 10 ixm. 
terns from cell to cell, less variation between fixation pro- 
tocols, detection of prophase centromere reactivity, a clear 
resolution of Topo II centromere pattern, the clear detec- 
tion of axial arms staining in species such as mouse, and 
the clear definition of centromeric heterochromatin stain- 
ing during the cell cyOe. These multiple differences under- 
score the  limitations of using hypotonically treated chro- 
mosomes to study chromosome organization. 
Topo II has been ascribed a  role in  chromosome con- 
densation, sister chromatid separation, and  as a  chromo- 
somal scaffold component.  It is unlikely that  the  centro- 
meric Topo II population  detected  in  our  study plays a 
conserved role in moderating sister chromatid interaction 
at the  inner surface of the  centromere since this popula- 
tion is not present in this region in the muntjac. We can- 
not, however, rule out the possibility that this population 
may function in this capacity in species where a more gen- 
eral centromeric Topo II distribution has been detected. It 
is interesting to note in this context that, in marsupials, the 
Figure 6.  Indian muntjac cells treated with ICRF-193. Cells grown in the presence of 100  IxM ICRF-193 for 1 h  and stained with anti- 
Topo II revealed that this treatment prevented the accumulation of the intense centromeric Topo II population at the centromeres of 
both prophase  (a) or metaphase (c) cells, b and d shows counterstained DAPI images. In untreated cells, Indian muntjac centromeres 
contain highly condensed chromatin and kinetochores with prominent inner (IP and outer (OP) plates (e). At low concentrations (10 
IxM) of ICRF-193 (f) normal morphology is seen. However, centromere cells treated with 100 p,M ICRF-193 (g-i) have undercondensed 
chromatin (denoted by white arrows in g) and fragmented plates (black arrows in i). Bars: (d) 10 p,m; (i) 3 Ixm. 
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ter chromatid interface does not  appear until prometa- 
phase. Thus, any potential role for this subpopulation in 
moderating sister ehromatid interaction must be confined 
to the post-prometaphase period in these species. It is also 
possible that a second, less prominent Topo II population 
is  present  within  the  centromere  that  modulates  sister 
chromatid interaction. This population may be correlated 
with the weak Topo II signal detected outside the region 
of high Topo II intensity in some of the species examined 
in this study. The difference in the Topo II pattern within 
the centromere of some species makes it unlikely that the 
selective concentration of Topo II at the centromere is a 
simple reflection of DNA concentration. 
Our studies with the drug ICRF-193 in Indian muntjac 
cells implicate the intensely staining population of centro- 
meric Topo II  in both  the  normal  condensation  of the 
chromatin underlying the kinetochore and the formation 
of normal kinetochore structure. This conclusion is  also 
supported by the finding that, in all species studied, the ap- 
pearance and disappearance of centromeric Topo II coin- 
cides with condensation and decondensation of the cen- 
tromere. Furthermore, in the mouse, the association and 
the distribution of Topo II closely correlates with changes 
in the condensation state of the centromere that can be 
specifically visualized in G2. 
The relationship between Topo II and the kinetochore 
may be complex. For example, alterations seen at the ki- 
netochore at high ICRF-193 concentrations may occur in- 
directly as  a  result  of the  disruption  of the  underlying 
chromatin, or reflect a direct requirement for Topo II at 
the kinetochore. In this regard we cannot rule out the pos- 
sibility that the forces generated by microtubule-kineto- 
chore interaction induce or exaggerate the alteration in ki- 
netochore morphology. In the present study we examined 
serial sections of eight cells by electron microscopy repre- 
senting different concentrations and mitotic stages (1 cell/ 
5 p.M, 2 cells/10 IzM, 2 cells/50 IxM and 4 cells/100 p~M). At 
the 100  I~M concentration all the kinetochores appeared 
abnormal,  suggesting  the  uniformity of response  to  the 
drug treatment on centromere morphology. 
The association of microtubules with  aberrant kineto- 
chores is not unprecedented. For example, microtubules 
have  been  found  in  association  with  abnormal  kineto- 
chores  that  form  following  the  interphase  injection  of 
ACA serum (Bernat et al, 1991).  It is interesting to note 
that this  treatment not only produced abnormal  kineto- 
chores but also induced defects in the condensation of the 
sub-adjacent chromatin.  Given the  striking  similarity of 
our results to those of Bernat et al. (1991), it would be of 
interest to see if the microinjection of ACA antibodies dis- 
rupts the cell cycle localization of centromeric Topo II. 
The  detection  of  a  cell  cycle-specific association  of 
Topo II with the centromere underscores the dynamic na- 
ture of this chromosomal region. When the appearance of 
Topo II is compared with that of other transiently associ- 
ated centromere proteins, Topo II can be seen to be one of 
the first proteins to associate with the centromere as it ap- 
proaches cell division. Our study indicates that Topo II as- 
sociates specifically with the centromere in mouse as early 
as the late S-G2 period. Only one other protein, CENP-F 
(Liao et al.,  1995), has been shown to associate with the 
centromere during this pre-mitotic period. The association 
of these proteins is followed by those such as MCAK at 
prophase and CENP-E and P34  cdc2 at prometaphase (Wor- 
deman and Mitchison; 1995, Yen et al., 1992; Rattner et al., 
1990). The departure of Topo II from the centromere dur- 
ing the later stages of cell division appears to coincide with 
a  major movement of proteins such  as  CENP-E  and  -F 
from this chromosomal region (Liao et al., 1995; Brown 
et al.,  1996). While a majority of recent studies investigat- 
ing centromere structure/function have focused on  pro- 
teins that are found only at the centromere, our study indi- 
cates that ubiquitous chromosomal proteins such as Topo 
II must also be considered as participants in centromere 
dynamics during cell division. 
Topo II has been shown to be a component of the iso- 
lated chromosome scaffold (Earnshaw  et al.,  1985).  Al- 
though the scaffold was originally envisioned as a static ax- 
ial structure within the chromosome (Earnshaw and Heck, 
1985), more recent studies show that it may be more dif- 
fuse and dynamic. Our study indicates that if centromeric 
Topo II plays a  scaffolding role it does so in a  dynamic 
manner and that the scaffold is likely to be arranged dif- 
ferently in the centromere and the chromosome arms. 
Recent studies of living cells have revealed the presence 
of multiple  populations  of  Topo  II  during  early  Dro- 
sophila embryogenesis (Swedlow et al.,  1993), with major 
movements  in  these  populations  at  prophase  and  ana- 
phase. Our observations support the presence of multiple 
Topo II populations and the temporal shift in the location 
of these  populations.  The presence of multiple  Topo II 
populations complicates functional studies since it is not 
possible to completely target a specific population. How- 
ever, in our studies it is likely that the alterations seen at 
the centromere in drug-treated cells are related to the cen- 
tromeric  Topo  II  population  since  drug  treatment  ap- 
peared to prevent the association of this population with 
the centromere while the remainder of the chromosome 
still retained Topo II. In summary, our studies confirm and 
extend previous studies noting the presence of Topo II at 
the centromere by describing, for the first time, the de- 
tailed cell cycle-and species-specific nature of the interac- 
tion between the centromere and a population of Topo II. 
We also demonstrate a relationship between this Topo II 
population and centromere/kinetochore structure. 
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